The primary goal of this study was to determine if physiological forward masking patterns in cochlear implants are predictive of psychophysical forward masking (PFM) patterns. It was hypothesized that the normalized amount of physiological masking would be positively correlated with the normalized amount of psychophysical masking for different masker-probe electrode separations. A secondary goal was to examine the relation between the spatial forward masking patterns and speech perception performance. It was hypothesized that subjects with less channel interaction overall (either psychophysically or physiologically) would have better speech perception ability because of better spectral resolution.
INTRODUCTION
In multichannel cochlear implants (CIs), spectral representation of the incoming signal is achieved through stimulation of various electrodes located along the longitudinal axis of the cochlea. Current from each electrode creates an electric field that stimulates surrounding neural tissue. Typically, current fields are not completely distinct from electrode to electrode, but rather overlap with one another to some extent. This overlap can cause interactions between the current fields themselves or between neural populations stimulated by different electrodes, which may ultimately affect perception with the implant. These channel interactions can occur with either simultaneous or sequential stimulation. With simultaneous stimulation, current fields can interact by summing or subtracting before neural stimulation, potentially resulting in overstimulation or an inadequate amount of current, respectively (e.g., Abbas & Brown, 1988; Boëx, et al., 2003a; Middlebrooks, 2004; Shannon, 1983b; White, et al., 1984) . With sequential stimulation, interaction can occur as a result of forward masking effects within the overlapping neural population, where neurons that respond to the first stimulus are unable to respond to a following stimulus because of neural refractory properties. The perceptual effect of this latter type of channel interaction remains unclear, although it may lead to spectral smearing and/or reduced speech perception (Throckmorton & Collins, 1999) . In CI recipients, spatial forward masking patterns can be measured by presenting masker and probe stimuli to different electrodes along the intracochlear array. Typically, one stimulus is fixed in location as the other is varied across the array. This type of forward masking has been measured both physiologically (Abbas, et al., 2004; Cohen, et al., 2003; Eisen & Franck, 2005; Hughes & Abbas, 2006a,b) and psychophysically (Boëx, et al., 2003b; Chatterjee, et al., 2006 non, 1998; Cohen, et al., 2003; Kwon & van den Honert, 2006; Lim, et al., 1989; Shannon, 1983b; Throckmorton & Collins, 1999) . Results from both psychophysical and physiological forward masking studies have shown that channel interaction decreases as electrode separation increases. Thus, it can be hypothesized that spatial forward masking patterns for physiological stimuli are related to or predictive of spatial forward masking patterns obtained psychophysically. Because the majority of speech-processing strategies use sequential stimulation, the present study focuses on the effects of spatial channel interaction obtained with forward masking (i.e., sequential stimulation) for both physiological and psychophysical stimuli. Cohen et al. (2003) compared spatial forward masking patterns obtained using the electrically evoked compound action potential (ECAP) with those obtained psychophysically in a group of six Nucleus CI recipients. They found no significant difference in the width of the two functions, suggesting that the same patterns emerged for both physiological and psychophysical measures. Although this finding is encouraging, the results are from a single study with a small subject pool. Additionally, relative stimulus level was not consistent between ECAP and psychophysical measures, psychophysical measures used a fixed masker electrode with varied probe whereas ECAP measures used a fixed probe electrode with varied masker, different ground electrodes were used for ECAP and psychophysical measures, and a subset of data were excluded from the statistical analysis. The present study further investigated the relation between ECAP and psychophysical spatial forward masking patterns in a larger group of subjects with attention to these methodological issues.
One current area of CI research is aimed at reducing channel interaction with the goal of improving speech perception with the implant. Spatial neural excitation patterns are dependent on a number of factors, including neural survival, bone or tissue growth within the cochlea, electrode design and placement, and signal characteristics (e.g., Finley, et al., 1990; Frijns, et al., 2001; Kral, et al., 1998; Liang, et al., 1999; Rebscher, et al., 2001; Ryan, et al., 1990; van den Honert & Stypulkowski, 1987) . A common method used to reduce channel interaction is to modify electrode coupling to create more spatially restricted current fields. It is known that spatially restricted electric fields, such as that produced by bipolar or tripolar stimulation, yield selective recruitment patterns of peripheral and central auditory nerve fibers, whereas broader electric fields (e.g., produced by monopolar stimulation) result in broad recruitment patterns (Bierer & Middlebrooks, 2002; Kral, et al., 1998; Snyder, et al., 2001; van den Honert & Stypulkowski, 1987) . It is often assumed that speech-processing strategies that use highly selective stimulation modes should yield better spectral resolution than broad modes, ultimately resulting in better speech-perception performance. However, several studies have demonstrated the same or better performance for broader stimulation modes than for more spatially restrictive modes (Mens & Berenstein, 2005; Pfingst, et al., 1997 Pfingst, et al., , 2001 Zwolan, et al., 1996) . Further, virtually all of the newest speech-processing strategies use monopolar stimulation, with recipients achieving higher scores on speech-perception measures than previously (e.g., Dunn, et al., 2006; Parkinson, et al., 2002) . These results question the assumption that reducing channel interaction unequivocally leads to improved performance.
Spatial forward masking patterns can be compared with speech perception to evaluate the extent to which peripheral channel interaction affects performance with a CI. The height of the pattern (amount of masking) reflects temporal effects; that is, greater amount of masking represents temporal interaction between masker and probe. The width of the pattern reflects spatial interactions; that is, narrower patterns represent better spatial selectivity. The average amount of masking across an entire function reflects both temporal and spatial interactions (Throckmorton & Collins, 1999) . Results from studies comparing spatial forward masking patterns with speech perception have been mixed. Hughes and Abbas (2006a) found no correlation between width of ECAP spatial forward masking patterns (an index of spatial selectivity) and speech-perception performance on word, phoneme, and sentences in noise tests for a group of 10 Nucleus-24 recipients using the spectral peak (Seligman & McDermott, 1995; Skinner, et al., 1994) or advanced combination encoder (Arndt, et al., 1999) processing strategy with monopolar stimulation. In contrast, Throckmorton and Collins reported a significant correlation between average psychophysical forward masking levels (which reflects both temporal and spatial interactions) and speech recognition for sentences, medial consonants, and phonemes in a group of seven Nucleus-22 recipients using either bipolarplus-one (BP ϩ 1) or BP ϩ 2 stimulation. They also reported average widths of the psychophysical functions for three subjects, where the subject with the narrowest function had the highest average speechperception score. Additionally, Boëx et al. (2003b) found a significant negative correlation between psychophysical forward masking (PFM) (measured as the ratio of masked to unmasked probe thresholds at a masker-probe separation of 4 mm) and percent correct on a medial consonant test for 12 subjects implanted with either the Ineraid or Clarion device, using either continuous interleaved sampling (Wilson, et al., 1991) with monopolar coupling or simultaneous analog stimulation (Battmer, et al., 1997; Osberger & Fisher, 2000) with bipolar coupling.
Electrode discrimination and pitch ranking, which can be considered indices of spectral overlap between electrodes, have also been compared with speech perception in a number of studies. Some studies have found a positive correlation (Donaldson & Nelson, 2000; Henry, et al., 2000; Nelson, et al., 1995; Throckmorton & Collins, 1999) and others have found no correlation (Hughes & Abbas, 2006a; Zwolan, et al., 1997) . Given the differences in methodology, stimulation modes, and processing strategies across studies, the extent to which channel interaction affects speech perception with a CI remains unclear.
The primary purpose of this study was to compare ECAP spatial forward masking patterns with psychophysical masking patterns to determine whether ECAP measures can provide a quick, objective alternative to time-consuming psychophysical measures. It was hypothesized that the relative masking with the ECAP would be correlated with the relative masking in the psychophysical task for different masker-probe electrode separations. The secondary purpose of this study was to compare physiological and psychophysical spatial forward masking measures with speech-perception ability to determine how channel interaction relates to performance with a CI. It was hypothesized that subjects with less channel interaction (either psychophysically or physiologically) would have better speech-perception ability because of improved spectral resolution.
MATERIALS AND METHODS

Subjects
Data were collected from 18 adult CI recipients. Demographic information of participants are listed in Table 1 . Nine subjects were implanted with the Nucleus 24R(CS) Contour array (Cochlear Americas, Englewood, CO; subject number beginning with "R") and nine were implanted with Clarion devices (Advanced Bionics Corporation, Valencia, CA; N ϭ 4 Clarion CII, N ϭ 5 HiRes 90K; subject number beginning with "C"). Subject C1 was the only subject with an electrode positioner. Subject R6 received sequential bilateral CIs, with a Nucleus 22 in the left ear followed six years later by a Nucleus 24R(CS) in the right ear. This subject was tested using the right-ear 24R(CS) implant only, as the Nucleus 22 lacks telemetry capabilities necessary for ECAP measures. Impedance measures were made for all subjects before data collection to identify any short or open circuits. Subject R1 had open circuits on electrodes 10, 13, 15, 17, and 20. These electrodes were excluded from testing for this subject. This study was approved by the Boys Town National Research Hospital Institutional Review Board under protocol number 03-07.
ECAP Stimuli and Procedure
ECAP measures were obtained before psychophysical testing of all subjects. There was no ECAP response on electrode 16 (E16) in subject R9, so that electrode was not tested in the psychophysical portion of the experiment. ECAPs were obtained using a traditional forward masking technique described previously (e.g., Abbas, et al., 1999 Abbas, et al., , 2004 Brown, et al., 2000; Cohen, et al., 2003; Dillier, et al., 2002 Pulse duration was 25 sec/phase for the first three Nucleus subjects and the first two Clarion subjects enrolled in the study (R1, R2, R3, C1, and C2); all subsequent subjects used 50 sec/phase. This change allowed greater headroom for maximum comfort levels to be achieved without reaching voltage compliance limits, as some of the early subjects were very close to these limits. For each subject, the same pulse duration was used for both ECAP and psychophysical measurements to allow direct comparison between the two measures. All pulses for both measures (ECAP and psychophysics) and device types (Nucleus and Clarion) had an interphase gap of 8 to 10 sec. Behavioral dynamic range for the ECAP stimulus was determined using an ascending procedure. Subjects used a visual rating scale that ranged from 0 (no sound) to 10 (stop-too loud) to indicate the current level at which the sound was first heard (rating of 1) and the highest level at which the sound was loud but still tolerable (rating of 8). The current level for a rating of 1 represented behavioral threshold and the current level for a rating of 8 was taken as the upper limit of the behavioral dynamic range.
For ECAP data collection, masker and probe stimulus levels were fixed at 80% of the behavioral dynamic range using the ECAP stimulus. For three subjects, higher levels were necessary to elicit measurable ECAP responses: subject R5, E16 at 100%; subject R9, E7 at 90%, E11 at 100%, and no response on E16; subject C6, E12 at 90%. The probe pulse was fixed on one electrode, whereas the masker varied in location from ϩ4, ϩ2, 0, Ϫ2, and Ϫ4 electrode positions relative to the probe electrode for Clarion subjects and ϩ6, ϩ3, 0, Ϫ3, and Ϫ6 positions for Nucleus subjects, so as to maintain relatively consistent radial distance between electrodes for the two device types. (An electrode spacing of two in the Clarion approximately equals an electrode spacing of three in the Nucleus.) Masker-probe electrode pairs tested for each device are listed in Table 2 . Clarion devices are numbered such that E1 is most apical, and Nucleus devices are numbered such that E1 is most basal. E13 was initially chosen for the basal probe electrode in the first Clarion subject (C1); E12 was chosen for all subsequent Clarion subjects to accommodate four electrode spacings in a basal direction for the masker. Subject R1 had open circuits on E10, E13, and E17, so E9, E12/14, and E16, respectively, were used instead.
ECAP Data Analysis
Peak-to-peak ECAP amplitudes were measured from the leading negative peak (N1) to the following positive peak or plateau (P2) using a custom analysis program written in Matlab. With the forward masking subtraction paradigm, the ECAP amplitude will generally decrease as the masker is placed farther away from the probe (Abbas, et al., 2004; Cohen, et al., 2003; Eisen & Franck, 2005; Hughes & Abbas, 2006a) . As a result, the largest ECAP amplitude tends to occur when masker and probe stimuli are on the same electrode. This trend is illustrated in Figure 1A with open circles, which show ECAP , 3, 5, 7, 9 11 5, 8, 11, 14, 17 9 5, 7, 9, 11, 13 16 10, 13, 16, 19, 22 12 8, 10, 12, 14, 16 Electrode number 1 is basal for Nucleus and apical for Clarion.
amplitudes as a function of masker electrode for the three probe electrodes (P7, P11, and P16) tested in Nucleus subject R3. These amplitudes were then normalized ( Fig. 1B , open circles) relative to the amplitude of the ECAP obtained when the masker and probe were presented on the same electrode, where maximal masking typically occurs. Normalized amplitudes represent the relative amount of masking (or overlap) across masker electrodes. For example, a normalized masking value of 1.0 represents 100% overlap between masker and probe and 0.2 represents a 20% overlap. Changes in ECAP amplitude as a function of masker electrode location therefore reflect changes in the relative amount of masking across electrodes. The normalized masking for the ECAP [ECAP forward masking (ECAP FM)] was then compared with psychophysical data.
Psychophysical Stimuli and Procedure
For each subject, the same monopolar maskerprobe electrode pairs were used for both the ECAP and psychophysical portions of the experiment (see Table 2 ). Ideally, spatial forward masking should use a narrow electrode configuration for the probe to obtain the most precise measures. However, because the goal was to examine interactions that may occur with typical device use, monopolar electrode coupling was used for all measures in this study. Psychophysical masker and probe stimuli consisted of a 1000-pps train of 50-sec/phase biphasic current pulses (25-sec/phase for the first five subjects, as noted previously). Masker duration was 300 msec and probe duration was 20 msec. The masker-probe delay was 2 msec from offset of the masker to onset of the probe. Behavioral dynamic range was measured for each masker electrode with the 300-msec stimulus and for each probe electrode with the 20-msec stimulus using the procedure described above for the ECAP stimulus. Dynamic range measures for the different stimuli were necessary to determine appropriate presentation levels for the psychophysical masker, psychophysical probe, and ECAP stimuli because threshold and maximum loudness vary with stimulus rate and duration because of temporal integration. Threshold and uppercomfort current levels obtained with the fast-rate psychophysical stimuli were generally significantly lower than the behavioral dynamic range measures obtained with the slow-rate ECAP stimulus. If a fixed current level was used for both psychophysical and ECAP measures, ECAP thresholds would often be at or above current levels that would be optimal for psychophysical masking, making it difficult to obtain measurable ECAP responses. Therefore, psychophysical and ECAP masker levels were fixed at the same percentage of the dynamic range for each respective stimulus, rather than at a fixed current level across measures.
Unmasked probe thresholds were obtained for a basal, middle, and apical electrode (see Table 2 ) in each subject using an adaptive three-interval, twoalternative forced-choice (3I-2AFC) task in which the subject indicated the interval (2 or 3) in which they heard the sound.* Initial stimulus level for the probe was selected individually for each subject based on the dynamic range of the probe stimulus to ensure that starting level was sufficiently audible but not too loud. Masked thresholds were then obtained using the adaptive 3I-2AFC task. Masker levels were fixed at 80% of the dynamic range for the 300-msec masker stimulus on each electrode. The masker was presented in all three intervals, with the probe randomly occurring in either interval 2 or 3. The subject indicated which interval (2 or 3) contained the sound that was different from the standard (masker alone) in interval 1. *For unmasked thresholds, interval 1 never contained a stimulus. The stimulus randomly occurred in either interval 2 or interval 3, because that was the procedure used for masked thresholds. For Nucleus subjects, psychophysical testing was conducted with a custom program that implemented Nucleus Implant Communicator routines; Clarion subjects used a custom program through BEDCS. For both device types, the equipment setup was identical to that used for the respective ECAP measures. Nucleus subjects entered their responses via a touch-screen monitor. Clarion subjects entered their responses using numeric keys on the laptop computer that ran the BEDCS program. Response feedback was not provided. Thresholds were determined using a three-down, one-up adaptive procedure, which estimates 79.4% correct on the psychometric function (Levitt, 1971) . Each run consisted of 11 reversals. For Nucleus subjects, the initial step size was 10 current level units (CL) until the first reversal, then 5 CL until the second reversal, and finally 2 CL for the remaining reversals. For Clarion subjects, the initial step size was 3 dB for the first three reversals, then 1.5 dB for the next two reversals, and finally 0.75 dB for the remaining reversals. The mean of the last four reversals was taken as threshold for that block. Final threshold for each electrode condition was determined as the average of 3 to 5 blocks.
Psychophysical Data Analysis
Psychophysical data for Nucleus recipients were collected using logarithmic CL units, whereas all remaining data (ECAP amplitudes for both devices and Clarion psychophysical thresholds) were in linear units (microvolts for ECAP or clinical units for Clarion psychophysics). Therefore, all masked and unmasked Nucleus psychophysical thresholds were first converted from CL to microamperes using conversion charts provided by Cochlear Corporation so that all data were in linear units. Figure 1A shows an example of converted unmasked (plus sign, with dotted reference line) and masked (filled circles) probe thresholds for the three probe electrodes in Nucleus subject R3. In this example, masked psychophysical threshold approximates unmasked threshold for probe electrode 7 (P7) when the masker was spaced three electrode positions away in a basal direction (E4) and six electrodes in an apical direction (E13). This suggests that there was little effect of the masker beyond the probe electrode. In contrast, residual masking remained for P11 and P16 for even the most distant masker electrodes (i.e., the filled circles never reach the dotted line).
For all subjects, the amount of PFM for each masker-probe pair was calculated by subtracting the unmasked probe threshold from the masked threshold. As with the ECAP measures, the amount of masking was then normalized to the amount of masking obtained in the masker-equals-probe-electrode condition and then plotted as a function of masker electrode (Fig. 1B, filled circles) .
Speech-Perception Measures
Speech-perception ability was tested using the Consonant-Nucleus-Consonant (CNC) monosyllabic word test (Peterson & Lehiste, 1962) and the Bamford-Kowal-Bench Sentences in Noise (BKB-SIN) test (Beta-2 Trial Version, Etymotic Research, 2001) . Two CNC lists were presented to each subject at 60 dB SPL and were scored as percent correct for words (total of 100 items) and phonemes (total of 300 items). Three lists of BKB-SIN sentences were presented to each subject with the target sentences fixed at 70 dB SPL. Each list in the BKB-SIN test consists of 8 to 10 sentences presented at signal to noise ratios (SNRs) that progress in Ϫ3-dB steps from ϩ21 to 0 dB for the eight-sentence lists or to Ϫ6 dB for the 10-sentence lists. The presentation level of the target sentences is fixed while the level of the multitalker babble background systematically increases. The test is scored as the SNR at which the subject achieves 50% correct on the entire list. Thus, a high SNR represents poor performance, whereas a low SNR represents good performance. Scores from three BKB-SIN lists were averaged for the final scores reported here. Speech-perception materials were presented in a sound-treated booth with the subject seated directly in front of a loudspeaker at a distance of 4.5 ft. Subjects were tested using their most-used speech-processor program, volume, and microphone sensitivity settings. Subjects who normally wore either a hearing aid or a second CI in the nontest ear (see Table 1 ) removed that device so that all testing was conducted with the unilateral CI only. Those subjects were allowed to adjust the volume on their speech processor to a comfortable listening level to compensate for reduced volume settings that are typically used in each ear in the binaural aided/implanted condition. Speech materials were attenuated through an audiometer and were calibrated individually at the subject's CI microphone. All lists were randomly selected for each subject. Figure 1B shows an example of normalized ECAP FM (open circles) and PFM (filled circles) patterns for all three probe electrodes (P7, P11, and P16) for subject R3 (data from Fig. 1A normalized) . For both physiological and psychophysical measures, the greatest amount of masking occurred when masker and probe were on the same electrode, with less masking at larger masker-probe separations. Normalized masking values of zero represent no measurable masking.
RESULTS
Physiological Versus Psychophysical Forward Masking
To determine whether the ECAP and PFM patterns were related, normalized PFM was plotted relative to normalized ECAP FM for each maskerprobe electrode pair tested in each subject. The normalization points (masker-equals-probe-electrode conditions, which were always 1.0) were removed to avoid bias and a correlation coefficient was obtained for the 12 data points in each subject. Figure 2 shows individual scatter plots for all 18 subjects. Subject number and correlation coefficient are shown in each graph. The dashed diagonal line represents the point where the two variables are equal. Linear regression results are indicated by solid lines. Ten of the 18 subjects showed a statistically significant correlation (r ϭ 0.68 -0.85, p Յ 0.02) between the ECAP and PFM functions and two subjects showed a moderately strong correlation (r ϭ 0.54 -0.55, p ϭ 0.06 -0.07). These subjects are shown in the top two rows of Figure 2 , with the two moderate-correlation subjects (R7 and C6) offset at right. The remaining six subjects, shown in the bottom row of Figure 2 , demonstrated a poor correlation (r ϭ 0.13-0.45, p Ͼ 0.14) between ECAP FM and PFM. Data points below the dashed unity line represent more masking with the ECAP (i.e., broader functions); whereas data points above the unity line represent more masking (broader functions) psychophysically. Only one subject, C1, had consistently more normalized masking psychophysically than physiologically. Table 3 lists the correlation coefficient, p-value, and slope of the regression line for each subject. Figure 3 shows normalized ECAP and PFM patterns for all 12 subjects with moderate to strong correlations. Data are plotted as in Figure 1B ease of comparison across the two device types, masker electrodes are plotted from base to apex for both devices (i.e., 1-22 for Nucleus and 16 -1 for Clarion). Although there are slight differences between the devices in array length and modiolar proximity, data are plotted so that masker electrode separations are as comparable as possible. Data from the two subjects with the moderate correlations are offset at the right of each grouping. P16 in subject R1 shows a significant nonmonotonicity in both ECAP and PFM functions. This subject's postoperative x ray revealed that the apical portion of the intracochlear electrode array was curled back on itself. Figure 4 shows normalized masking functions for the remaining six subjects who demonstrated a poor correlation between PFM and ECAP FM functions (p Ͼ 0.1). Data are plotted as in Figure 3 . Five of the six subjects in this group (R2, R5, C5, C8, and C9) had at least one probe electrode with a displaced peak in the ECAP masking function and one subject (C8) also had a displaced peak in the PFM function. In other words, for these subjects, maximum amount of masking did not occur with the masker and probe on the same electrode. A displaced peak in only one of the two functions would clearly contribute to a poor correlation between the two measures. Overall, 39% (7 of 18) of all ECAP masking functions in the poor-correlation group had displaced peaks. In contrast, only 11% (4 of 35) of all ECAP masking functions in the significant-correlation group (Fig. 3 ) exhibited displaced peaks. In two of those four subjects (R1 and C7), the PFM function was also similarly displaced, lending to the positive correlation for each subject. Table 4 provides a summary of all functions with displaced peaks. Of the nine subjects with displaced peaks, six were Clarion and three were Nucleus users. The direction of displacement was evenly split: seven functions were skewed in a basal direction and seven toward the apex. There was, however, a bias toward location of the probe electrodes with displaced peaks: nine of the functions with displaced peaks occurred on apical electrodes, whereas four were on basal electrodes, and one was on a middle electrode. Figure 5 shows normalized PFM plotted as a function of normalized ECAP masking for all maskerprobe electrode pairs (excluding the normalization points) from all subjects. The diagonal dashed line indicates equal psychophysical and physiological values. The solid line shows results of linear regression analysis, with a slope of 0.42. Group data showed a highly significant correlation between physiological and PFM (r ϭ 0.55, p Ͻ 0.0001); however, only 30% of the variance in PFM is accounted for by the ECAP measures. Because the majority of data points fell below the diagonal unity line, a paired t test was applied to determine whether there was a significant difference in normalized masking between the two measures. Results indicated significantly more normalized masking for ECAP measures than for psychophysical measures [p Ͻ 0.001, t ϭ 7.14, degrees of freedom (df) ϭ 211]. These results suggest that ECAP masking patterns were generally broader than PFM patterns. Figure 6 shows data from Figure 5 separated as a function of probe electrode location. Basal probe electrodes were P7 for Nucleus and P12 for Clarion, middle probe electrodes were P11 for Nucleus and P9 for Clarion, and apical probe electrodes were P16 for Nucleus and P5 for Clarion. The correlation between PFM and ECAP FM remained significant for all three electrode positions (see r and p values in each panel), with the strongest correlation for basal electrodes and weakest correlation for apical electrodes. Regression slopes were 0.44, 0.40, and 0.34 for basal, middle, and apical regions, respectively. Results from paired t tests showed significantly more normalized masking for ECAP measures than for psychophysical measures for all three electrode positions (p Ͻ 0.0001, t ϭ 4.5, df ϭ 71 for basal; p ϭ 0.0003, t ϭ 3.8, df ϭ 71 for middle; p ϭ 0.0001, t ϭ 4.0, df ϭ 67 for apical).
Forward Masking Versus Speech Perception
Several comparisons were made to determine whether speech perception was related to either PFM or ECAP FM. Speech-perception performance on each of the three measures (words, phonemes, and sentences in noise) for each subject was compared with (1) the averaged amount of normalized PFM across all masker-probe pairs within a subject Figure 3. Five of the six subjects (R2, R5, C5, C8, and C9 ) exhibited a displaced peak in the ECAP function for at least one probe electrode.
(which represents an index of spatial selectivity), (2) the averaged amount of raw PFM (masked minus unmasked threshold, unnormalized) across all masker-probe pairs within a subject (which represents temporal and spatial effects), (3) the peak amount of raw PFM averaged across all three probe electrodes within a subject (representing temporal effects), and (4) the averaged amount of normalized ECAP FM across all masker-probe pairs within a subject (representing spatial selectivity). The hy-pothesis was that subjects with better speech-perception performance would have less PFM (i.e., either more sharply defined masking functions or very little masking overall) and/or less ECAP FM when compared with subjects who were poorer performers. Specifically, more overall masking should adversely affect temporal cues in speech perception and greater spatial masking should affect spectral aspects of speech perception.
Pearson correlation analyses were used for all comparisons. Results for the psychophysical comparisons showed no significant correlation between any of the three speech-perception measures and any of the three PFM measures (p Ͼ 0.05 for all comparisons). Like the psychophysical data, there was no significant correlation between speech perception and the ECAP FM measures (p Ͼ 0.1).
Because there was no significant correlation between either PFM or ECAP FM and speech perception, we would not necessarily expect that some aspect of the ECAP-PFM relationship would correlate with speech perception. However, because of the wide range of correlation coefficients across subjects for the ECAP-PFM comparison and the wide range of speech-perception scores (see Table 3 ), it was of interest to determine whether subjects whose ECAP FM and PFM functions matched well also had better speech-perception performance. (It should be noted that the correlation coefficient is a goodness-of-fit measure between two variables, not a direct measure of the data.) Figure 7 shows speech-perception performance for BKB-SIN, CNC words, and CNC phonemes plotted relative to the correlation coefficient for the ECAP-PFM comparison for each subject. Subject numbers represent the respective data points. ECAP-PFM correlation coefficients and speech perception scores are listed in Table 3 . Results showed an interesting trend, in that subjects with the strongest correlation between ECAP and PFM had the poorest speech-perception performance, and subjects with the weakest correlation had the best speech-perception performance. This result was consistent across all three speech-perception measures (r ϭ Ϫ0.71, p Ͻ 0.001 for BKB-SIN; r ϭ Ϫ0.71, p ϭ 0.001 for CNC words; r ϭ Ϫ0.69, p ϭ 0.002 for CNC phonemes). These correlations remained significant (p Ͻ 0.01) after applying a Bonferroni correction for the multiple correlations performed with speechperception data.
As stated previously, the majority of subjects with a poor correlation between PFM and ECAP FM had at least one function with a displaced peak (hence contributing to the poor correlation). To determine whether there was a relation between displaced peaks and speech-perception performance, speechperception scores for subjects with displaced peaks in either the ECAP or the PFM function were compared with scores for subjects without displaced peaks. There was no statistically significant difference in performance between the two groups for any of the three speech-perception measures (t test, p Ͼ 0.1 for all tests); however, the statistical comparison was underpowered. These results tentatively suggest that the presence of displaced peaks in either the ECAP or PFM function do not necessarily equate to better speech perception.
DISCUSSION
Physiological Versus Psychophysical Forward Masking
The primary purpose of this study was to examine the relation between physiological and psychophysical spatial forward masking patterns. For both measures, there was generally one peak in the masking function that occurred when the masker and probe were on the same electrode, indicating the maximum amount of masking. As the spatial separation between masker and probe electrodes increased, the relative amount of masking decreased. This pattern represents a reduction in overlap between stimulated neural populations as the distance between masker and probe increases. When the relative amount of masking reaches zero, we con-clude that there is no measurable overlap between neural populations stimulated by masker and probe electrodes. These patterns are consistent with previous findings for both ECAP FM (Abbas, et al., 2004; Cohen, et al., 2003; Eisen & Franck, 2005) and PFM (Boëx, et al., 2003b; Chatterjee, et al., 2006; Chatterjee & Shannon, 1998; Cohen, et al., 2003; Lim, et al., 1989; Shannon, 1983b; Throckmorton & Collins, 1999) .
It was hypothesized that physiological forward masking would be correlated with PFM as a function of spatial separation between masker and probe electrodes. Results from this study showed a significant correlation between the two measures across subjects, consistent with this hypothesis and with previous results from a smaller group of subjects reported by Cohen et al. (2003) . On an individual basis, the correlation between ECAP FM and PFM was strong for 10 subjects, moderately strong for two subjects, and poor for six subjects. Although the group correlation was statistically significant, only 30% of the variance in PFM was accounted for by the ECAP measures. This suggests that the ECAP measures alone are not sufficient to accurately predict PFM patterns for individual subjects.
Several factors may have precluded a stronger correlation between ECAP and PFM patterns. First, masker-probe delays were slightly different be- tween ECAP (0.5 msec) and psychophysical (2 msec) measures. Peripheral masking at the level of the auditory nerve has been shown to peak at maskeroffset to probe-onset delays of approximately 0.5 to 1 msec and persist for up to about 4 to 5 msec for monopolar stimulation (Abbas, et al., 1999; Brown, et al., 1996 Brown, et al., , 1998 Shpak, et al., 2004) . Similarly, short recovery time constants have also been reported for PFM (i.e., Ͻ7 msec) when single pulses were used (Brown, et al., 1996; Nelson & Donaldson, 2001) . For pulse-train stimuli, two-component or exponential psychophysical recovery functions consisting of a fast process and a slow or residual process have been reported (Chatterjee, 1999; Nelson & Donaldson, 2002) . The break point between the two processes occurred at approximately 30 to 50 msec. Short delays (such as 2 msec) are thus hypothesized to represent effects of more peripheral refractory processes. Finally, Chatterjee and Shannon (1998) observed sharper psychophysical spatial masking patterns for a 1-msec delay that broadened when the delay was increased to 10 msec; beyond those results, little is known about the effect of masker-probe delay on spatial forward masking patterns. It is not clear whether a stronger correlation between ECAP FM and PFM would have been obtained if the same masker-probe delay had been used for both measures in the present study.
A second potential factor is that different stimuli were used for ECAP and PFM measures. For this study, ECAP measures were obtained with traditional single-pulse stimuli, whereas PFM measures were obtained with pulse-train stimuli that were generally similar in duration to those used in previous spatial PFM studies (Boëx, et al., 2003b; Chatterjee, et al., 2006; Chatterjee & Shannon, 1998; Cohen, et al., 2003; Dingemanse, et al., 2006; Kwon & van den Honert, 2006; Throckmorton & Collins, 1999) . In a subsequent study testing a subset of subjects from the present study, we evaluated the relation between ECAP FM and PFM patterns using single pulses for both measures (manuscript in preparation). Results showed a much poorer relation between ECAP and single-pulse PFM than in the present study, suggesting that pulse-train stimuli produce more selective PFM patterns than single pulses.
A third factor contributing to the group ECAP-PFM correlation not being stronger is the number of functions with displaced peaks. As shown in Figure  6 , apical electrodes exhibited the lowest correlation between ECAP FM and PFM. Table 4 shows a high incidence of shifted peaks for apical probe electrodes. Nerve fibers in the apical region of the human cochlea are closer to the medial wall of the scala tympani than in the base. Cochlear cross-sectional area also decreases toward the apex, potentially putting the electrode contacts in closer proximity to neural elements. It may be that crossturn stimulation contributed to the higher incidence of peak displacement in apical electrodes. However, if cross-turn stimulation produced the displaced ECAP peaks, one would expect corresponding peak displacement in the PFM function as well. As can be seen from Table 4 , this was typically not the case. Only three of the nine subjects (R1, C7, and C8) had a displaced peak in both the ECAP and PFM functions. As stated previously, the apical portion of R1's electrode array was curled back on itself, which is consistent with the two-peaked pattern seen in both the ECAP and psychophysical data for P16.
Another explanation for the shifted ECAP peaks in the other subjects may be longitudinal spread of current and/or relative location of the recording electrode (Abbas, et al., 2004) , which could account for the presence of a shifted peak in the ECAP function and lack of one in the PFM function. Psychophysical responses are obtained by the participant's subjective response, whereas ECAP measures are measured from an intracochlear recording electrode. Location of the recording electrode affects the measured ECAP amplitude, with increased distance between stimulating and recording electrodes typically resulting in a decrease in ECAP amplitude (Abbas, et al., 1999; Cohen, et al., 2004; Frijns, et al., 2002) . In some cases, however, ECAP amplitude can be inflated as a result of excessive artifact in the response if the recording electrode is too close to the stimulating electrode. It may be difficult to visualize these artifact effects, especially for very large ECAP responses. As indicated in Table 4 , there were four instances in the present study (subject R2, P7; subject C2, P12; subject C4, P12; and subject C8, P12) where the recording electrode was adjacent to the masker electrode on which the shifted peak occurred.
As shown in Figure 5 , there was significantly more normalized masking overall (i.e., broader patterns) for ECAP measures than for PFM. These results indicate that masking decreased more for psychophysical measures than for physiological measures as the spatial separation between masker and probe electrodes increased. It could be hypothesized that the few subjects with more PFM than ECAP FM would have poorer speech-perception ability because of broader perceptual masking patterns. Only two subjects (R2 and C1) demonstrated more psychophysical masking than physiological masking. As shown in Table 3 , subject R2 demonstrated very good speech-perception performance, whereas subject C1 demonstrated low performance levels. Thus, it does not seem that individuals with more PFM than ECAP FM necessarily have poorer speech-perception ability.
One possible explanation for the greater amount of normalized ECAP FM versus PFM seen in Figure  5 may be that differences in current level used for ECAP measures versus PFM measures resulted in different amounts of spatial spread. Both measures were made at the same percentage of dynamic range (in most cases 80%); however, dynamic range boundaries differ with stimulus rate and duration because of temporal integration. The ECAP stimulus was a single pulse presented at a slow rate, whereas the psychophysical masker was a 300-msec pulse train presented at a fast rate. Thus, the dynamic range boundaries occurred at much higher current levels for the ECAP than for the psychophysical masker. In the Nucleus subjects, 80% ECAP masker levels averaged 194 CL and 80% psychophysical masker levels averaged 179 CL. In the Clarion subjects, 80% ECAP masker levels averaged 748 A and 80% psychophysical masker levels averaged 397 A. The higher ECAP masker current levels possibly yielded more spread of excitation and thus more overall masking than the psychophysical patterns. The literature reports little effect of masker level on the shape of psychophysical spatial forward masking patterns for BP ϩ 1 or BP ϩ 2 stimulation (Chatterjee, et al., 2006; Chatterjee & Shannon, 1998; Kwon & van den Honert, 2006) and for monopolar stimulation (Kwon & van den Honert, 2006) , although a few individual examples of masker-level effects were reported (Chatterjee & Shannon, 1998; Kwon & van den Honert, 2006; Lim, et al., 1989) . For ECAP measures with monopolar stimulation, Abbas et al. (2004) and Cohen et al. (2003) reported individual examples of wider spatial forward masking patterns for higher masker levels, and examples where masker level had little effect. Eisen and Franck (2005) examined the width of ECAP masking patterns for three intensity levels (roughly 2, 3, and 4 dB above ECAP threshold) in a group of 27 children. They found significant width differences between low and medium intensities and between low and high intensities, with wider functions obtained at higher stimulus levels. Thus, there is evidence that increased current level can produce wider ECAP spatial masking patterns, more so than for PFM. It is therefore possible that masker current level contributed to the difference in masking between ECAP and psychophysical measures in the present study, given the higher ECAP current levels used.
In general, monopolar stimulation has been shown to produce very broad, nonselective physiological patterns in animal models (e.g., Bierer & Middlebrooks, 2002; Ryan et al., 1990; van den Honert & Stypulkowski, 1987) . Results from the present study show that monopolar stimulation can produce relatively selective patterns of excitation for both psychophysical and ECAP measures in humans. Although this could be a species difference, several animal studies have also shown cases where good selectivity was achieved for monopolar stimulation, particularly at low current levels (e.g., 50-A condition, Fig. 2 , Ryan et al., 1990; preparation C-239, Fig. 3, van den Honert & Stypulkowski, 1987;  ϩ1-dB condition, Fig. 3 , Bierer & Middlebrooks, 2002) . The relatively selective patterns in the present study are qualitatively similar to human psychophysical results reported for BP ϩ 1 stimulation (Chatterjee, et al., 2006; Chatterjee & Shannon, 1998; Cohen, et al., 2001; Lim, et al., 1989; Throckmorton & Collins, 1999) . This observation is also supported by results from a recent study by Kwon and van den Honert (2006) , who compared PFM patterns obtained with monopolar and either BP ϩ 1 or BP ϩ 2 modes within subjects. They found no significant difference in the normalized amount of masking for the two modes, and attributed this finding to the difference in current level needed to achieve equal loudness between modes. Narrow stimulation modes (such as BP ϩ 1) typically require higher current levels to reach threshold and maximum comfort levels than broader stimulation modes (e.g., Pfingst, et al., 1997; Shannon, 1983a) . As demonstrated by electrophysiological and computermodeling studies, higher current levels also produce greater spread of excitation (e.g., Abbas, et al., 2004; Eisen & Franck, 2005; Frijns, et al., 1995; Frijns, et al., 1996) . Results from the present study concur with those from Kwon and van den Honert (2006) , showing that selective spatial excitation patterns can be measured in human CI users with monopolar stimulation.
Forward Masking Versus Speech Perception
It was hypothesized that subjects with less PFM would have better speech-perception performance compared with subjects with more PFM. Results from this study showed no significant correlation between the amount of PFM (either in a temporal, spatial, or temporal-spatial domain) and speechperception performance. This finding contrasts with results of Throckmorton and Collins (1999) , who found a significant correlation between averaged PFM (representing spatial and temporal masking) and three different speech perception tests (Iowa Medial Consonants, NU-6 phonemes, and CID Everyday Sentences) for seven subjects. Several differences between the two studies may have collectively contributed to the difference in findings: different speech-perception tests were used (e.g., a consonant test may be more sensitive than a word test); the range of speech-perception scores was very different between the studies, which could affect the correlation with PFM measures; their study had a relatively small number of subjects; PFM measures in their study were based on a single adaptive run for each masker-probe electrode combination as opposed to averaging 3 to 5 runs as in the present study; and subjects in their study used BP ϩ 1 or BP ϩ 2 stimulation modes, whereas the present study used monopolar stimulation for both measures. Although Kwon and van den Honert (2006) showed no significant difference in PFM patterns between monopolar and bipolar modes, a number of investigators have shown better speech perception for broader stimulation modes (Pfingst, et al., 1997 (Pfingst, et al., , 2001 Zwolan, et al., 1996) . It is possible that differences in stimulation mode affected speech-perception results, which in turn possibly affected the relation between PFM and speech perception.
The present study also compared the averaged amount of normalized ECAP FM to speech perception. It was hypothesized that subjects with less ECAP FM (i.e., more spatially selective patterns) would have better speech-perception performance compared with subjects who exhibited greater ECAP FM. Results showed no significant correlation between speech-perception performance and the averaged amount of normalized ECAP FM across all masker-probe pairs within a subject. These results are consistent with previous research that found no statistically significant correlation between the width of the ECAP FM function at 75% normalized amplitude and performance on HINT sentences and CNC words and phonemes (Hughes & Abbas, 2006a) .
As shown in Table 1 , 12 of the 18 subjects wore contralateral amplification in their daily lives. Speechperception testing was conducted without contralateral amplification to relate psychophysical and ECAP measures to performance specifically with the implanted ear. Because of time restrictions, subjects were not given an extended opportunity to acclimate to listening in the CI-alone condition. Therefore, it is reasonable to conclude that the performance levels in Table 1 for these 12 subjects may be lower than what might have been obtained in the binaural condition. A comparison between the 12 subjects who normally wore contralateral amplification and the 6 subjects who did not revealed no significant difference in CNC word or phoneme scores (T ϭ Ϫ2.06, p ϭ 0.056 and T ϭ Ϫ1.91, p ϭ 0.074, respectively). There was, however, a significant difference in BKB-SIN scores between the two groups (T ϭ 2.13, p ϭ 0.049), where the unilateral CI group scored better than the group who normally wore binaural amplification. Perhaps this difference reflects the loss of added benefit in noise that the binaural group was accustomed to for their everyday listening.
Results from this study showed that individuals whose ECAP FM patterns correlated well with PFM patterns were the poorest performing subjects on tests of word/phoneme recognition and sentences in noise, and subjects with the poorest correlations had the best speech perception. Although a displaced peak in one function (typically the ECAP function) can certainly contribute to a poor correlation between ECAP FM and PFM measures, it does not logically follow that a poor correlation would be linked to better speech perception. It may be that for these better-performing subjects, higher-level auditory mechanisms involved in the psychophysical task are better able to compensate for an abnormal peripheral representation (i.e., shifted peak in the ECAP function), leading to better speech perception with the implant.
Another potential explanation for the results shown in Figure 7 may be temporal integration differences across subjects. CI users with greater temporal integration have been shown to have better speech-perception performance (Chatterjee, 1999; Firszt, et al., 2002) . Subjects with greater temporal integration will be more likely to have large differences in current level between psychophysical and physiological measures because of the different stimuli used. That is, the slow-rate, short-duration ECAP measures would produce relatively high current levels for threshold and maximum comfort, and the fastrate, longer-duration PFM measures would produce relatively low current levels. Higher current levels have been shown to produce greater spread in ECAP spatial masking patterns (Abbas, et al., 2004; Eisen & Franck, 2005) . Thus, we might expect a poorer correlation between ECAP and psychophysical masking patterns for subjects with greater temporal integration ability because of more spatial masking (greater spread) in the ECAP functions for higher stimulus current levels. To test this hypothesis, the differences between behavioral threshold obtained with the ECAP stimulus (short duration, slow rate) and the psychophysical masker (long duration, fast rate) were averaged across the three probe electrodes for each subject. The averaged difference values were then correlated with each of the three speech-perception scores across subjects. Results showed no significant correlation between this measure of temporal integration and speech perception (p Ͼ 0.5 for all three speech perception tests), which does not support the hypothesis. However, it should be emphasized that these temporal integration values were calculated from the behavioral thresholds; temporal integration was not explicitly measured in this study. It is possible that temporal integration may play a role in the results shown in Figure 7 , but its effects are too small to be reflected by the approximate measures used to estimate behavioral thresholds.
Finally, the possible effects of electrode insertion angle and/or insertion depth on the forward masking and speech-perception data in the present study should be considered. We might expect that electrodes in closer proximity to the modiolus would require less current and thus yield more selective masking patterns for both ECAP and psychophysical measures. Cohen et al. (2003) and Hughes and Abbas (2006b) found narrower ECAP masking pattern widths for subjects with a perimodiolar array [Nucleus 24R(CS) Contour] than for a straight array (Nucleus 24M). However, Cohen et al. (2003) found no significant difference in width of the PFM pattern between the two device types. Likewise, Boëx et al. (2003b) found no significant difference in PFM between devices with and without a perimodiolar electrode positioner. Although all Nucleus subjects in the present study were implanted with the perimodiolar Contour device, large variability in electrode proximity across the Contour array has been reported (e.g., Huang, et al., 2006; Saunders, et al., 2002) , which could account for some of the variability seen in the present data. All our subjects had postoperative x rays performed as part of their routine clinical care; however, the views obtained were not sufficient for estimating insertion depth or insertion angle according to methods described in the literature (Cohen, et al., 1996; Xu, et al., 2000) .
CONCLUSIONS
This study showed a significant positive correlation between physiological and psychophysical measures of channel interaction obtained with a forward masking technique. Correlations were significant for basal, middle, and apical electrode regions. However, correlation coefficients were not strong enough for the ECAP to be used as a sole predictor of PFM patterns on an individual basis. Overall, there was more channel interaction physiologically than psychophysically, although this finding may possibly be attributed to the use of higher current levels for the physiological measures. There was no significant correlation between speech perception and ECAP FM or PFM. Subjects whose ECAP FM patterns correlated well with PFM patterns had the poorest speech perception and subjects with the poorest correlations had the best speech perception. It is possible that ECAP recording electrode location contributed to the presence of displaced peaks in the ECAP FM function for some individuals. Further investigations are necessary to evaluate how spatial selectivity measures can be used to predict speechprocessor program parameters on an individual basis so that speech-perception performance with the implant can be improved.
